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Abstract
Fine root dynamics have the potential to contribute significantly to ecosystem-scale
biogeochemical cycling, including the production and emission of greenhouse gases.
This is particularly true in tropical forests which are often characterized as having large
fine root biomass and rapid rates of root production and decomposition. We examined
patterns in fine root dynamics on two soil types in a lowland moist Amazonian forest,
and determined the effect of root decay on rates of C and N trace gas fluxes. Root
production averaged 229 (  35) and 153 (  27) g m2 yr1 for years 1 and 2 of the study,
respectively, and did not vary significantly with soil texture. Root decay was sensitive to
soil texture with faster rates in the clay soil (k 50.96 year1) than in the sandy loam soil
(k 50.61 year1), leading to greater standing stocks of dead roots in the sandy loam.
Rates of nitrous oxide (N2O) emissions were significantly greater in the clay soil
(13  1 ng N cm2 h1) than in the sandy loam (1.4  0.2 ng N cm2 h1). Root mortality
and decay following trenching doubled rates of N2O emissions in the clay and tripled
them in sandy loam over a 1-year period. Trenching also increased nitric oxide fluxes,
which were greater in the sandy loam than in the clay. We used trenching (clay only) and
a mass balance approach to estimate the root contribution to soil respiration. In clay soil
root respiration was 264–380 g C m2 yr1, accounting for 24% to 35% of the total soil CO2
efflux. Estimates were similar using both approaches. In sandy loam, root respiration
rates were slightly higher and more variable (521  206 g C m2 yr1) and contributed 35%
of the total soil respiration. Our results show that soil heterotrophs strongly dominate
soil respiration in this forest, regardless of soil texture. Our results also suggest that fine
root mortality and decomposition associated with disturbance and land-use change can
contribute significantly to increased rates of nitrogen trace gas emissions.
Keywords: carbon dioxide, methane, nitric oxide, nitrous oxide, root decomposition, root productivity,
root respiration, root turnover
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Root production and decomposition represent important fluxes of photosynthetically derived carbon (C) in
terrestrial ecosystems, influencing the total standing
stocks and turnover time of C in soils. Root dynamics
also have the potential to influence the production and
emission of radiatively active trace gases. Live roots
respire carbon dioxide (CO2), and both live and dead
roots contribute labile C and nitrogen (N) to fuel
r 2005 Blackwell Publishing Ltd
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microbial production of CO2, nitrous oxide (N2O), nitric
oxide (NO), and methane (CH4). Tropical forests have
among the largest root biomass, highest rates of fine
root productivity (Vogt et al., 1986, 1996) and fastest root
decay rates (Silver & Miya, 2001) for forest ecosystems
globally. Tropical forests are also the largest natural
source of soil CO2 (Raich & Schlesinger, 1992) and N2O
(Bouwman et al., 1993; Prather et al., 1995). NO is a
precursor of tropospheric ozone and even the low rates
produced in tropical forests such as the Amazon are
thought to play an important role in the regulation of
atmospheric oxidant production (Keller et al., 1991;
Chameides et al., 1992; Rummel et al., 2002). Upland
tropical forest soils are generally considered a net sink
for atmospheric CH4, but changes in land use and cover
type can decrease the strength of this sink (Keller et al.,
1990, 1993).
There are several ways in which the large biomass
and high rates of growth and decomposition of fine
roots in tropical forests may influence the type and
rates of trace gas emissions. High root biomass and
production should result in high rates of root respiration and the associated microbial respiration intimately
coupled with live roots in the rhizosphere (Högberg
et al., 2002). Rapid rates of root turnover and decay
provide substrate for heterotrophic respiration. Decomposition can also stimulate N mineralization and
nitrification (Chen et al., 2002), leading to greater
potential for losses of NO and N2O from soils. Several
environmental and physiological factors contribute to
patterns in root biomass, growth, and decomposition
(Vogt et al., 1986; Jackson et al., 1990; Silver & Miya,
2001). Soil texture has been shown to be a good
indicator of several soil and microclimatic conditions
that influence roots including soil nutrient availability,
water availability, and aeration (Cuevas & Medina,
1986, 1988; Silver et al., 2000; McGroddy, 2002). In a
moist, lowland tropical forest, sandy soils exhibited
more fine root biomass, lower water holding capacity,
lower potential N fluxes, and greater soil P availability
relative to clay soils (Silver et al., 2000).
Although there is a strong theoretical link between
fine root and trace gas dynamics, there are relatively
few studies that have examined these relationships
quantitatively. Fine root mortality has been found to
increase nitrogen oxide emissions from tropical forest
soils over short time periods (Matson et al., 1990; Keller
et al., 2000; Varner et al., 2003), but the longer term
effects of root decomposition have not been explored.
Similarly there are few estimates of root respiration and
the relative contributions of roots and nonrhizosphere
heterotrophs to soil CO2 efflux in tropical forests. Soil
respiration is largely derived from a combination of
roots and heterotrophs. Knowing the relative imporr 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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tance of these two contributors to soil respiration is
critical to understanding the components of net
ecosystem production and ecosystem C balance.
In this study, we measured fine root dynamics, N
pools and cycling, and trace gas effluxes in a lowland
moist Amazonian forest on two soil textural types.
Previous work at this site documented the large and
important role of soil texture in patterns of fine and
coarse root biomass and distribution, patterns in the
pool size and turnover of soil C, and pools and
potential fluxes of N and P (Silver et al., 2000; Telles
et al., 2003; McGroddy et al., 2004). For this study, our
goals were to determine how rates of production and
decomposition of fine roots differ by soil texture, how
root decay influences mineral N pools and fluxes, how
root decomposition influences trace gas production,
and the relative contribution of roots to soil respiration
in clay and sandy loam soils.

Methods

Site description and experimental design
The study was conducted in the Tapajos National Forest
(TNF) located 50 km south of Santarem, Para, Brazil
(2164 0 S and 54159 0 W), and is being studied as part of the
Brazilian-led Large-Scale Biosphere–Atmosphere Experiment in Amazonia. The region has a mean annual
temperature of 25 1C and receives approximately
2000 mm of rain per year with a dry season lasting
from July to December (Parrotta et al., 1995). The
1000 ha study site was located on an old, nearly flat,
erosional remnant plateau (planalto) with a very limited
surficial drainage network formed on sediments of the
Barreiras formation. Soils are deep and highly weathered with dominantly sandy or clayey texture. Approximately 68% of the study area is on clays or clay
loams (Ultisols and Oxisols) and 32% on sands and
sandy loams (Ultisols) (Silver et al., 2000). The vegetation is evergreen, mature tropical forest with a total
biomass of approximately 372 Mg ha1 (Keller et al.,
2001).
In 1999, six plots approximately 4 m  12 m in size
were randomly located in closed canopy forest, with
three plots each on clay (approximately 60% clay) and
sandy loam soils (approximately 80% sand). Plots
within a given textural class were within 100 m of each
other; clay and sandy loams were within approximately
1 km of each other in continuous forest. Plots were
sampled every other month for fine root biomass from
July 5, 1999 to May 5, 2000. In June 2000, we increased
our sample size to five control plots on clay and sandy
loam that were paired with five randomly selected
trench plots. We used trenched plots to estimate rates of
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fine root decomposition and the root contribution to
soil respiration. Trench plots were located away from
the bases of large trees to minimize the impact of coarse
roots. Trench plots were constructed by digging around
a 2.5 m  2.5 m block of land to 1 m depth, lining the
trenches with stainless-steel screening (pore openings
o0.5 mm), and then backfilling the trenches. All live
vegetation was removed from the isolated blocks of
land, and the plots were kept free of regrowth by
weeding (Silver & Vogt, 1993).

Root production, turnover, and decomposition
All root data reported here are for the  2 mm
diameter root fraction. We used the sequential coring
method to estimate changes in live fine root (LFR) and
dead fine root (DFR) standing stocks over time (Vogt &
Persson, 1991). In the control plots, three replicate cores
were sampled from the 0 to 10 cm depth using a 6 cm
diameter corer every other month for 2 years (July 1999
to May 2001). Roots were hand sorted into live and
dead categories using visual characteristics and tensile
strength (Vogt & Persson, 1991), dried at 65 1C, and
weighed to determine mass. Root decomposition was
estimated in the trench plots. Trench plots were
sampled five times between June 2000 and July 2001
using the methods described above. Root production
was estimated for each year using the compartment
flow model (Santantonio & Grace, 1987; Publicover &
Vogt, 1993; Ostertag, 2001):
Pt ¼ ðLFRt  LFRt1 Þ þ ðDFRt  DFRt1 Þ þ Mdt ;
Mdt ¼ DSS ð1  expðktÞ Þ;

ð1Þ

where Pt is fine root productivity, LFR is live fine root
mass at time t and t1, DFR is dead fine root mass at
time t and t1, Mdt is the mass of roots decayed over
the interval, and DSS is the mean DFR standing stock
over the interval. The compartment flow model
estimates annual production as the sum of the change
in live and dead root biomass between the initial and
final sampling point, and the mass decomposed over
the interval. Only statistically significant differences in
live and dead root biomass are considered. This method
is more accurate than other methods under conditions
of overlapping periods of production and mortality
(likely in an evergreen tropical forest) because it
considers these factors explicitly. It is also relatively
insensitive to the length of intervals between sampling
(Publicover & Vogt, 1993). We used mean values from
each plot (n 5 three cores per plot per date) for initial
and final LFR and DFR biomass per year. The mass of
roots decomposed was determined by multiplying the
mean dead standing stock of fine roots per plot over the
interval by 1expkt where k is the decay constant and

t is time. We used the decay constant generated from
the trench plots in year 2 for calculating production in
both years.
Root decomposition was estimated using the change
in fine root necromass over time in the trench plots, and
was modeled as a first-order decay process (y 5 ekt).
Decay rates are expressed as k in years1. We used the
k values from the trench plot experiments applied to the
mass of dead roots in the control plots. Because trench
plot data were only available for the second year of the
study, we used the same k value for both years, which
represents a potential source of error in our estimates.
Root turnover was defined as root productivity divided
by the maximum annual standing stock of fine roots for
that year (Gill & Jackson, 2000). We calculated the C
allocation to fine roots as 50% of root production. The
average C input to the soil via root turnover was
estimated by multiplying root productivity for a given
year by the turnover rate for that year, assuming that
biomass was 50% C. We estimated the balance between
total root inputs to soil and root decay during year 2.
Roots inputs were calculated by multiplying fine root
turnover by the maximum standing stock of roots for
that year. Roots lost via decay were estimated as
RootL ¼ Rootms  ðRootms expðktÞ Þ

ð2Þ

where RootL is the mass of roots lost in g m2 yr1, and
Rootms is the maximum standing stock of fine roots for
that year.

Root chemical characteristics
Root C chemistry was measured using sequential
extractions (Ryan et al., 1989) at the Center for Water
and the Environment of the Natural Resources Research Institute, University of Minnesota, Duluth, MN.
One bulked root sample was used per plot and date.
The C fractions measured were nonpolar extractives,
water soluble and acid soluble extracts, tannins, and
water and acid soluble fractions expressed as glucose
equivalents. Lignin was determined as the difference
between the whole sample and the sum of the nonpolar
extractives, and water and acid soluble fractions. Total
C and N were measured on a CN analyzer (CE Elantec,
Lakewood, NJ, USA) at UC Berkeley. All root data are
expressed on an oven dry equivalent, ash-free basis.

Trace gases
The fluxes of CO2, N2O, NO, and CH4 were sampled
weekly in trenched and control plots for the first 10
weeks and are reported in Varner et al. (2003). The goal
of these short-term measurements was to isolate the
effects of initial root mortality on trace gas fluxes. In
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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this study, we determined the impact of root decomposition and the absence of live root biomass on trace
gas fluxes, and compared these with the effects of initial
root mortality. Using the same plots we sampled N2O
and CH4 monthly for 11 additional months until July
2001. CO2 and NO were sampled monthly for 5
additional months and then every 2.5 months thereafter
until May 2001. For N2O and CH4 measurements we
used two 25 cm diameter PVC rings per plot inserted
approximately 2 cm into the soil before each sampling
period. Molded PVC Chamber tops were fitted over the
rings prior to sampling. CO2 and NO were measured in
the field with a dynamic flow chamber and analyzed
for CO2 on a Li-Cor 6262 infrared gas analyzer (Li-Cor
Biosciences, Lincoln, NE, USA) and for NO on a
Scintrex LMA-3 chemiluminescent analyzer (Scintrex,
Concord, Ont., Canada). NO was measured after
conversion to NO2 using a CrO3 catalyst. N2O and
CH4 were sampled using a static chamber and samples
were analyzed within 36 h of collection in Santarem
(Para, Brazil) using electron capture (N2O) and flame
ionization (CH4) detection gas chromatographs (Shimadzu Scientific Instruments, Columbia, MD, USA).

Soil characterization
Detailed soil characteristics are presented in Silver et al.
(2000). For this study, we measured gravimetric soil
moisture, soil temperature, soil N pools, and net N
mineralization and nitrification rates from trench plots
and controls during the second year of the study. Soil
moisture was sampled in close proximity to the surface
flux chambers using three 2.5 cm  10 cm deep soil
cores. Samples were collected during 15 dates (all but
four of the trace gas sampling periods). Soils were dried
at 105 1C until reaching a constant weight and then
weighed to determine moisture loss. Water-filled pore
space (WFPS) was estimated from soil moisture and
porosity (porosity 5 1bulk density/particle density)
for trench plots and controls. Bulk density values were
taken from Silver et al. (2000) and particle density was
assumed to be 2.65 g cm3. Soil N pools were determined on fresh samples (0–10 cm depth) during the five
dates that we sampled the trench plots for root biomass.
We took three replicate samples per plot with a 2.5 cm
diameter corer to 10 cm depth (n 5 20 plots and 60
samples per time period). Soils were extracted with 2 M
KCl the same day of collection. Soil extract N
concentrations were determined at U.C. Berkeley on a
Lachat QC 8000 autoanalyzer (Lachat Instruments,
Loveland, CO, USA). Net N mineralization and
nitrification rates were estimated for the first three
measurement periods according to Hart et al. (1994).
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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Root respiration
We estimated the contribution of live roots to total soil
respiration using the following equations:
Rroot ¼ Rtotal  Rsoil  Rdecay ;

ð3Þ

Rsoil ¼ Rtrench  RTdecay ;

ð4Þ

where Rroot is root respiration, Rtotal is total soil
respiration in control plots estimated from data interpolation and summing for the study period, Rsoil is
nonroot soil respiration derived from fine litter and soil
organic matter, and Rdecay is root C lost via decomposition using the first-order decay model from the trench
plot experiment applied to initial biomass of the
treatment or control plot. Rsoil was estimated as the
difference between the trench plot soil respiration
(Rtrench) and the root C lost via decomposition in the
trench plot (RTdecay) over the study period. We
estimated RTdecay and Rdecay for the 0–10 cm depth by
applying trench plot k values to the initial treatment or
control root biomass. We applied the same k value to a
mean fine root biomass value for the 10–40 cm depth
reported for the same soils in Silver et al. (2000). Because
decay rates are likely to decrease with depth, using the
0–10 cm decay constant is likely to result in a slight
overestimate of the root contribution to total soil
respiration. One of the uncertainties in estimating the
contribution of decaying roots to soil CO2 efflux is the
amount of root material converted to soil organic
matter and the amount released via microbial respiration. We bracketed our root respiration estimate by
assuming 100% conversion of decayed fine roots to CO2
(low estimate) or no contribution of CO2 from root
decay (high estimate). Both estimates represent extreme
conditions, and thus actual root respiration should lie
somewhere between the two extremes.
We performed sensitivity analyses to determine the
effects of two potential sources of error in our estimates.
First, we examined the effect of underestimating the
root C contribution to decay. This could occur if our
decay coefficient for deeper roots was unrealistically
high and/or if roots deeper than 40 cm were an
important source of CO2. We also determined the effect
of an over- or underestimation of soil CO2 flux. We
performed a sensitivity analysis by systematically
decreasing the decay constant k by 50% for roots in
the 10–40 cm depth, by increasing the root C lost via
decay by 50%, and/or by increasing or decreasing the
soil CO2 flux by 25%.
We compared the above measure of the root
contribution to soil respiration to a measure of root
respiration determined from a mass balance approach:
P
Inputs
ÞÞ Rtotal
ð5Þ
Rroot ¼ ð1  ð
Rtotal
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where inputs include above- and belowground fine
litter inputs over the study period. We used litterfall
inputs collected from nearby plots on sandy loam and
clay soils, and fine root production and turnover
estimates from control sites. Fine litterfall was measured in the control sites using six 900 cm2 circular
baskets per plot. Litter was collected every 2 weeks
during the study period, dried at 65 1C, sorted into six
fractions (leaves, fruits and flowers, fine wood, coarser
wood (1–5 cm diameter), insects, and miscellaneous
material) and weighed to determine mass. Here we
report the total fine litterfall data (i.e. the sum of the six
fractions). C content of fine litterfall was assumed to be
50% of the mass. Belowground litter inputs (0–40 cm
depth) were estimated by multiplying the standing
stock of fine roots by the root turnover values for the
0–10 cm depth.

Table 1 Fine root biomass (g m2), root productivity
(g m2 yr1), turnover (year1), and the decay constant k
(year1) in clay and sandy soil of the Tapajos National Forest
(Para, Brazil)
Clay
July 1999 to May 2000
Live
Dead
Total
Productivity
Turnover
June 2000 to May 2001
Live
Dead
Total
Productivity
Turnover
k*

Statistical analyses
We used Systat 10 (SPSS, 2000) to examine patterns in
root biomass, root chemistry, soil N pools and fluxes,
and trace gas fluxes. We used mean values per plot for
each variable. Differences between soil textural classes
were tested using analysis of variance (ANOVA), and
among sampling dates using repeated measures ANOVA.
Data were log transformed where appropriate to meet
the assumptions of ANOVA. We used the least-significant
difference protocol as a means separation test. We used
regression analyses to explore correlations among two
or more variables. Significance was determined at the
95% level unless otherwise noted.

Results

Root biomass, productivity, and turnover
Total fine root biomass (0–10 cm depth) averaged
218  11 g m2 in clay plots over the 2-year study and
was 292  11 g m2 in the sandy loam plots (Po0.01),
and remained relatively constant over time. On
average, total fine root biomass was slightly greater in
year 1 than in year 2 (P 5 0.06, Table 1). The proportion
of LFR and DFR varied significantly over the year in
both clay and sandy loam (Fig. 1). Fine live root
biomass was significantly greater the second year of the
study, while dead root biomass was greatest in year 1
(Table 1). There was significantly less fine live root
biomass than dead root biomass at most sampling
periods (Fig. 1), and live root biomass remained low
from the late dry season of 1999 until September 2000.
This followed a particularly dry period (July–September 1999) which may have affected both surface root
growth and survival. Fine root productivity averaged

By texture
Dead
Total
k
By year
Live
Dead
Total
Turnover

Sand

40 
206 
244 
204 
0.70 

10
19
18
22
0.14

48 
248 
296 
254 
0.57 

14
14
17
72
0.08

53 
148 
201 
157 
0.69 
0.96 

7
12
13
22
0.1
0.10

52 
237 
289 
149 
0.39 
0.61 

6
14
15
54
0.12
0.15

n

df

F statistic

P

96
96
10

1
1
1

23.9
20.9
4.1

0.00
0.00
0.08

96
96
96
16

1
1
1
1

6.53
7.40
3.53
3.34

0.01
0.01
0.06
0.09

Values are means and standard errors. ANOVA tables show
where statistically significant differences occurred in texture
and sampling year. There were no significant interaction
terms.
*Only measured in year 2.

229 (  35) g m2 yr1 in year 1 and was slightly greater
than in year 2 (153  27 g m2 yr1; P 5 0.06). There
were no statistically significant trends with texture
(Table 1). These values correspond to a rate of C
allocation to fine roots of approximately 77–
115 g C m2yr1. Turnover of fine roots was also very
similar on the two soil types, but rates were faster in
year 1 (0.69  0.08 year1) than in year 2 (0.48  0.07
year1), because of a decrease in turnover rates in year
2 in the sandy loam. These turnover rates contributed
approximately 37–79 g C m2 yr1 of fine root biomass
to the soil.

Root decomposition, root secondary chemistry, and soil
characteristics
Total fine root mass declined over time in the trench
plots, but did not change significantly over time in
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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n
0
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0
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400

Live
Dead

300
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100

0
0

Sand

(b)
Live
Dead

1

5
9
Months after isolation

300

13

Control
Clay
Sandy loam

400

300
Root mass (g m−2)

Fine root biomass (g m−2)

400

Clay (k = −0.96 ±0.10)
Sandy loam (k = −0.61 ± 0.14)

Sampling date

(b)

295

200

100

0

200

100

p
N 99
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Ja 99
n
M 00
ar
M 00
ay
Ju 00
n
0
Se 0
p
N 00
ov
Ja 00
n
M 01
ar
M 01
ay
01

Se

Ju

l9

9

0

Sampling date
Fig. 1 Patterns in live and dead fine root biomass (g m2) in the
0–10 cm soil depth on clay (a) and sandy loam (b) soils in the
Tapajos National Forest (Para, Brazil). Values are means and
standard errors. Three cores were taken per plot and three to five
plots were sampled every other month in both clay and sandy
loam soils.

controls (Fig. 2). There was less fine root mass in clay
soils than in sandy loam in both trenched and control
plots (Po0.05), and root decomposition was faster
(P 5 0.08) in clay soil (k 50.96  0.10) than in sandy
loam (k 50.61  0.15). Patterns of fine root mass loss
over time differed in clay and sandy loam (Fig. 2). In
clay soils, root biomass declined significantly 5 months
after isolation, and continued to decline until month 9
(March 2001). Root biomass in sandy loam soil also
decreased 5 months after trenching, and then again at
the end of the experiment, 13 months after trench plot
establishment. At the end of experiment there was
36  6% fine root mass remaining in the clay soil and
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306

Initial standing stocks:
Clay = 226 ±27
Sand = 357 ±37

0

1
5
9
Months from start of experiment

13

Fig. 2 Total fine root mass over time (0–10 cm depth) in
trenched and control plots on clay and sandy loam soils in the
Tapajos National Forest (Para, Brazil). In trenched plots (a) root
necromass was followed during decay. The decomposition
constant k is given in parentheses. In controls (b), total fine root
standing stocks (live plus dead) were sampled. Values are means
and standard errors of three cores per plot and five plots per
treatment and soil texture type.

52  9% remaining in the sandy loam. Roots in clay soil
had significantly higher concentrations of nonpolar
extractives and acid soluble C and glucose equivalents,
but were lower in total C and lignin than roots in sandy
loam. Roots in sandy loam also had higher lignin : N
ratios (Table 2). There were few patterns over time in
root secondary chemistry, and root decomposition was
not correlated with C chemistry, or the lignin : N or
C : N ratios.
WFPS averaged 0.65 (  0.01)% in both clay control
and trench plots. In the sandy loam, mean annual
WFPS was significantly higher in the trench plots
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Table 2 Percent ash, secondary compounds, carbon, nitrogen, and the carbon : nitrogen and lignin : nitogen ratios of decaying fine
root tissues over 13 months in the Tapajos National Forest (Para, Brazil)
Months after trenching
0
Clay soils
Ash
Nonpolar extractive
Water soluble carbon
Acid soluble carbon
Tannins
Water soluble glucose
Acid soluble glucose
Lignin
Carbon
Nitrogen
Carbon : nitrogen
Lignin : nitrogen
Sandy soils
Ash
Nonpolar extractive
Water soluble carbon
Acid soluble carbon
Tannins
Water soluble glucose
Acid soluble glucose
Lignin
Carbon
Nitrogen
Carbon : nitrogen
Lignin : nitrogen

1

5

9

13

7.5 
4.8 
6.4 
51 
1.2 
1.1 
31 
37 
50.4 
1.5 
35 
26 

0.3a
0.9a
0.4
2
0.2
0.1
1
2
0.6
0.1
1
2

7.7 
4.4 
7.2 
52 
1.0 
1.6 
32 
37 
50.2 
1.4 
37 
27 

0.9ab
1.0a
0.2
2
0.1
0.5
2
1
0.9
0.1
2
2

9.5 
5.5 
7.3 
48 
1.0 
1.4 
26 
39 
47.4 
1.6 
30 
25 

0.6b
1.0ab
1.0
1
0.2
0.4
1
1
0.8
0.1
1
2

6.3
7.6
7.5
52
1.7
1.9
36
33
50.2
1.3
38
25

 0.9 a
 0.3 b
 1.4
2
 0.6
 0.9
2
3
 0.5
 0.0
2
2

7.3 
5.5 
7.5 
54 
1.3 
2.1 
33 
33 
50.0 
1.4 
36 
24 

1.3ab
0.6ab***
1.4
4***
0.5
0.8
4***
4***
1.1***
0.1
3
4**

6.6 
3.5 
7.8 
48 
1.2 
2.2 
26 
40 
51.1 
1.4 
36 
28 

0.6a
0.7a
1.1
2
0.1
0.9
2
2
0.4
0.1
2
2

7.2 
3.2 
7.8 
47 
1.2 
1.2 
25 
42 
51.1 
1.5 
34 
28 

0.9ab
0.9a
0.4
2
0.2
0.1
2
2
0.7
0.1
2
1

8.2 
4.9 
7.0 
46 
0.8 
1.4 
26 
42 
51.8 
1.4 
37 
30 

0.9b
0.5ab
0.5
2
0.1
0.3
3
2
0.4
0.1
2
1

5.6
4.5
6.7
44
1.0
1.2
25
45
52.7
1.6
34
30

 0.4a
 0.8 b
 0.5
1
 0.1
 0.1
1
2
 0.6
 0.1
2
3

7.5 
3.9 
5.9 
45 
0.6 
1.1 
24 
45 
50.3 
1.5 
33 
30 

0.9ab
0.3ab
0.2
3
0.0
0.1
2
3
1.2
0.1
1
3

Lower case letters signify statistically significant differences among dates within a category. Asterisks identify statistically
significant differences between soil texture types. Values are means  1 standard error.
Po0.05, **Po0.01, ***Po0.001.

Clay control
Clay trench
Sand control
Sand trench

1.0
Water filled pore space (%)

(0.41  0.01%) than in the controls (0.36  0.01%).
Trench plot WFPS in the sandy loam began to diverge
from the control about 9 weeks after trenching and
remained slightly elevated for most of the rest of the
study (Fig. 3). WFPS declined towards the end of the
dry season (Julian day 298) in both soil types. There was
a weak, positive relationship between soil moisture and
percent root mass remaining over time (r2 5 0.20,
P 5 0.05) in the clay, and no relation with soil moisture
in the sandy loam.
Mineral N concentrations varied significantly by
treatment, texture, and sampling date (Fig. 4). In the
control plots, soil ammonium (NH41 ) declined over the
first 9 months of the experiment until March 2001;
sandy loam soils also experienced the lowest NH41
concentrations in March 2001. The trench plots
followed the same general patterns although concentrations tended to be lower than controls during many
of the sampling periods. Soil NH41 concentrations

0.8
0.6
0.4
0.2
0
156

245

355
Julian day

90

200

Fig. 3 Percent water-filled pore space (0–10 cm depth) in
trenched and controls plots on clay and sandy loam soils in
the Tapajos National Forest (Para, Brazil). Values are means and
standard errors of three samples per plot and five replicate plots
per treatment and soil texture type.
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Fig. 4 Soil ammonium and nitrate pools (0–10 cm depth) in trenched and control plots on clay (a, c) and sandy loam (b, d) soils in the
Tapajos National Forest (Para, Brazil). Values are means and standard errors of three samples per plot and five replicate plots per
treatment and soil texture type.

increased significantly in the trench plots and the sandy
loam controls at the last sampling date, which was
during the second rainy season (Fig. 4a, b). Soil nitrate
(NO
3 ) concentrations did not vary over time in the clay
controls (Fig. 4c). In the sandy loam controls soil NO
3
concentrations were greatest at the start of the rainy
season 5 months into the experiment, and again in July
2001 near the end of rainy season (Fig. 4d). Trench plot
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306

NO
3 concentrations were significantly higher than
controls during the first three sampling periods (up to
5 months following trenching) and then were either
lower than or similar to controls (Fig. 4c, d). In
clay soils, the percent of root mass remaining over
time was positively correlated with soil NH41 pools
(r2 5 0.42, Po0.01), and weakly positively correlated

2
soil NO
3 pools (r 5 0.25, Po0.05). Initial soil NO3
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Table 3 Net N mineralization and nitrification in sand and clay control plots and trenched plots in the Tapajos National Forest
(Para, Brazil)

June 4, 2000
June 30, 2000
November 3, 2000
June 4, 2000
June 30, 2000
November 3, 2000
June 4, 2000
June 30, 2000
November 3, 2000
June 4, 2000
June 30, 2000
November 3, 2000
Variable
Net N mineralization
Date
Texture
Date  texture
Net nitrification
Date
Texture
Treatment
Date  texture

Clay
Clay
Clay
Sand
Sand
Sand
Clay
Clay
Clay
Sand
Sand
Sand

Control
Control
Control
Control
Control
Control
Trench
Trench
Trench
Trench
Trench
Trench

Net N mineralization
(mg N g soil1 day1)

Net nitrification
(mg N g soil1 day1)

0.02 
0.32 
0.50 
1.11 
0.12 
0.63 
0.15 
0.21 
0.01 
0.76 
0.10 
0.05 

4.26
2.94
3.26
0.95
2.45
0.06
1.80
1.27
2.59
0.80
0.95
1.55

0.28
0.08
0.60
0.44a
0.14b
0.23b
0.08
0.08
0.05
0.14a
0.06b
0.08a














0.30
0.31
0.74
0.33a
0.34b
0.42b
0.50
0.38
0.97
0.17a
0.58a
0.40b

df

F-ratio

P

2
1
2

8.1
15.1
4.7

0.001
0.000
0.014

2
1
1
2

3.8
51.8
21.7
10.7

0.029
0.000
0.000
0.000

Values are means and standard errors. Different lower case letters signify statistically significant differences by date. Results from
ANOVA are reported below. Only variables and interactions that were statistically significant at the 95% level or greater are reported.

concentrations (June 4, 2000) explained 61% of the
variability in decay rates for clay and sandy loam soils
combined.
Net N mineralization and nitrification were measured during the first three sampling periods in
trenched and control plots (Table 3). Net N mineralization rates did not vary significantly between controls
and trenched plots. Rates were higher in the sandy
loam than in the clay, and varied over time in sandy
loam, but not in the clay. Rates of net nitrification were
lower in the trenched plots than in the controls and
were higher in the clay than in the sandy loam soil
(Table 3). There was no significant affect of soil
moisture or WFPS on rates of N cycling.

Trace gas dynamics
Trench plots emitted more than twice the N2O as the
controls in both clay and sandy loam, and there were
significantly greater N2O emissions from the clay
(27  2 and 13  1 ng N cm2 h1 for trench and control,
respectively) than sandy loam (4.4  0.5 and

1.4  0.2 ng N cm2 h1 for trench and control, respectively). N2O fluxes from the trench plots remained
significantly elevated over controls for most of the
study (Fig. 5). In the clays, N2O fluxes peaked within
weeks after trenching which coincided with a period of
high NO
3 availability (Fig. 4b). N2O fluxes were lowest
during the mid to late dry season in both soil types.
Mean rates of NO flux were significantly higher in the
trenched plots (3.8  0.9 and 6.9  0.8 ng cm2 h1 for
clay and sandy loam, respectively) than in the controls
(2.9  0.5 and 3.8  0.3 ng cm2 h1 for clay and sandy
loam, respectively), and were significantly higher in the
sandy loam than in the clay. NO fluxes began increasing
in mid-September and peaked in late October in all
plots except the clay control (Fig. 6).
Clay and sandy loam control plots, and sandy
loam trench plots exhibited net CH4 consumption
from the atmosphere at rates ranging from 0.36
(  0.14) mg CH4 m2 day1 (clay control) to 1.10
(  0.22) mg CH4 m2 day1 (sandy loam trench). Clay
trench plots emitted CH4 at a rate of 3.64
(  2.70) mg CH4 m2 day1. There were no significant
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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Fig. 5 Patterns in N2O fluxes from trenched and control plots
on clay (a) and sandy loam (b) soils in the Tapajos National
Forest (Para, Brazil). Values are means and standard errors of
two flux chambers per plot and five replicate plots per treatment
and soil texture type.

effects of treatment, soil texture, or time period on CH4
fluxes in the sandy loamy soils. In clays, there was
significantly greater CH4 efflux in the trench plots than
the controls because of a large flush of CH4 in the April
and May sampling periods (late wet season; data not
shown).
Mean soil CO2 fluxes averaged 3.2  0.1 mmol m2 s1
in the clay soils and were significantly lower than in the
sandy loam (3.8  0.1 mmol m2 s1). In the clay, trench
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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Fig. 6 Patterns in NO fluxes from trenched and control plots on
clay (a) and sandy loam (b) soils in the Tapajos National Forest
(Para, Brazil). Values are means and standard errors of two flux
chambers per plot and five replicate plots per treatment and soil
texture type.

plots had significantly lower rates of soil respiration
(2.8  0.2 mmol m2 s1) than controls. There were no
significant differences in mean soil CO2 efflux between
treatment and control (3.8  0.2 mmol m2 s1 for both
treatments) in the sandy loam. Soil CO2 fluxes showed
different temporal patterns with soil texture and with
treatments (Fig. 7). Clay control soil experienced two
significant dry season declines in soil respiration from
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late June to early August and late September to October.
Soil respiration in the trench plots declined after 9
weeks of isolation and remained significantly lower
than controls for most of the rest of the study. In the
sandy loam, soil respiration in both trench and control
plots declined sharply until August, and then increased
in the wet season until February 2001.

(a)

The trench plot approach for estimating root respiration
assumes that root mortality and decomposition will
result in a significant decline in soil CO2 effluxes. In
clay soil, CO2 effluxes declined approximately 9 weeks
after trenching and remained lower than control plots
for the remainder of the study. In the sandy loam,
trench plot soil CO2 fluxes were not significantly
different from controls during the 13-month study.

Clay
8

Table 4 The contribution of fine roots to total soil respiration
in clay (trench and mass balance approaches) and sandy loam
(mass balance only) soils of the Tapajos National Forest (Para,
Brazil)

Control (mean = 3.2 ±0.1)
Carbon dioxide flux (µmoles m−2 s−1)

The contribution of roots to total soil respiration

Trench (mean = 2.8 ±0.2)
6

Trench plot low estimate
Clay soil
Control mean CO2 flux
Trench mean CO2 flux
Control decayed root C
Trench decayed root C
Soil and Litter CO2 flux
Root respiration
Root : total soil respiration

4

2

1084
819
115
114
705
264
0.24

 50
 104
 11
 11
 96
 102
 0.09

Trench plot high estimate
0

156

245

(b)

340
Julian day

53

135

Sand
8

Control (mean = 3.7 ±0.2)

Carbon dioxide flux (µmoles m−2 s−1)

Trench (mean = 3.8 ±0.2)

Control mean CO2 flux
Trench mean CO2 flux
Control decayed root C
Trench decayed root C
Soil and Litter CO2 flux
Root respiration
Root : total soil respiration

1084
819
0
114
705
379
0.35

 50
 104
 11
 96
 102
 0.09

Mass balance estimate
6

Control mean CO2 flux
Aboveground litter input
Belowground litter input
Root respiration
Root : total soil respiration

4

1084
693
96
295
0.28

 50
 82
7
 51
 0.05

Mass balance estimate
2
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156

245

340
Julian day

53

135

Fig. 7 Patterns in CO2 fluxes from trenched and control plots
on clay (a) and sandy loam (b) soils in the Tapajos National
Forest (Para, Brazil). Values are means and standard errors of
two flux chambers per plot and five replicate plots per treatment
and soil texture type.

Sandy loam soil
Control mean CO2 flux
Aboveground litter input
Belowground litter input
Root respiration
Root : total soil respiration

1363
727
115
521
0.35

 209
 98
 23
 206
 0.10

Values are means of five plots  1 standard error. The low
estimate assumes 100% conversion of decaying roots to CO2.
The high estimate assumes no conversion of decaying roots to
CO2. Values with the exception of the final ratios are in
g C m2 yr1.
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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For this reason, we use the trench plot method to estimate the contribution of fine roots to total soil respiration in clay soils only. The root contribution to total soil
respiration in clay soils averaged between 24 (  0.09)%
and 35 (  0.09)% of the total soil CO2 efflux (Table 4).
For the low estimate, where we assumed 100% of
decaying root C was converted to CO2, root respiration
accounted for approximately 264 (  102) g C m2 yr1.
When we assumed that none of the decaying root C
was respired as CO2 root respiration amounted to 379
(  102) g C m2 yr1.
We also used a mass balance approach to estimate the
root contribution to total soil respiration in both clay
and sandy loam soils. In clay soils, root respiration,
estimated using a mass balance approach, was strikingly similar to the values acquired using the trench
plot technique (Table 4). The ratio of root to soil
respiration in clays was intermediate (0.28  0.05)
between the low and high estimates using trenching.
Root respiration was somewhat higher in the sandy
loam (521  206 g C m2 yr1) than in the clay soils, and
the ratio of root : soil respiration was 0.35  0.1. In
general, the variability of litter inputs and CO2 fluxes
were higher in the sandy loam than in the clay (Table 4).
One potential problem with the mass balance approach
was the lack of a root turnover value for the 10–40 cm
depth. When we halved the 0–10 cm root turnover
values and applied this to the 10–40 cm root pool, it had
only a small affect on the proportion of soil respiration
attributed to roots (increased the ratio of root to soil
respiration to 0.29 and 0.37 for clay and sandy loam,
respectively. Data not shown).
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We conducted additional analyses to determine how
sensitive our trench plot root respiration estimates were
to root decay rates, dead root C losses, and soil CO2
efflux. The proportion of soil respiration attributable to
roots was insensitive to changes in root or CO2
parameters when we assumed that all decaying root
C was lost as CO2 (low estimate; Table 5). Root
respiration rates, therefore, changed proportionally to
changes in soil respiration, but the ratio of root : total
soil respiration was unaffected. Our high estimate (no
conversion to CO2 during root decay) was more
sensitive to changes in parameters. Decreasing the
k value alone and in combination with increased root
C respired and/or increased soil CO2 efflux resulted
in relatively small changes in the proportion of root
respiration from soil (o10% change). The ratio of root
to soil respiration was slightly more sensitive to
increased dead root C respired ( 1 14%) and decreased
soil CO2 efflux ( 1 11%). Our results were most sensitive
to the combination of increased C respired from dead
root inputs and decreased soil CO2 efflux that resulted
in a ratio of root to soil respiration of 0.46 ( 1 31%).

Discussion

Fine root dynamics in two Amazonian soils
The pools and fluxes of C and nutrients associated with
fine root dynamics can account for a significant
proportion of ecosystem-scale biogeochemical cycling.
In our study sites, root biomass (fine and coarse)

Table 5 Sensitivity analysis of root decay rate (k) for the 10–40 cm depth, C respiration attributed to dead root inputs, and soil CO2
efflux for calculating the root contribution to soil respiration
Root : soil
Root
Root : soil
percent
respiration respiration change
Low High Low High Low High
Measured values
Decreased k value (  50%)
Increased C respired from dead root input (  50%)
Increased soil CO2 flux (  25%)
Decreased soil CO2 flux (  25%)
Decreased k value and increased C respired from dead root input
Decreased k value and increased soil CO2 flux
Decreased k value and decreased soil CO2 flux
Increased C respired from dead root input and increased soil CO2 flux
Increased C respired from dead root input and decreased soil CO2 flux
Decreased k value, increased C respired from dead root input, and increased soil CO2 flux
Decreased k value, increased C respired from dead root input, and decreased soil CO2 flux

264
264
263
330
197
263
330
197
329
197
329
197

See text for the equations used to estimate root respiration. Root respiration is in g C m2 yr2.
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306

380
362
437
446
313
411
428
296
503
371
477
345

0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24
0.24

0.35
0.33
0.40
0.33
0.39
0.38
0.32
0.36
0.37
0.46
0.35
0.42

—
0
0
0
0
0
0
0
0
0
0
0

—
6
1 14
6
1 11
19
9
13
16
1 31
—
1 20
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accounts for approximately one-quarter to one-third of
the belowground C pool in the top meter of mineral
soil, and approximately 50% of the C in the top 10 cm of
mineral soil (Silver et al., 2000). Although fine roots
account for less biomass than coarse roots, they grow
and turn over faster. Here, the C allocation to fine roots
was approximately 1 Mg C ha1 yr1 over the 2-year
study, of which approximately 60% turned over
annually. Our results highlight the likelihood for
variable lifespans of fine roots some of which may
persist for multiple years (Gaudinski et al., 2001). We
can use our estimates of fine root turnover and decay in
year 2 of our study to determine if this ecosystem is
in a relative steady-state condition with regard to
fine root production and decomposition. Root turnover deposited approximately 157 (  22) and 149
(  54) g m2 yr1of root tissue to the soil for clay and
sandy loam, respectively, and root loss via decay was
172 (  16) and 162 (  40) g m2 yr1 for the two soil
types. This suggests that there was a relative balance
between senescence and decay for the second year of
the study. It is important to note that while this pattern
suggests a steady-state condition for root dynamics
over a 1-year period, other recent studies from this
forest have highlighted the significant interannual
variability of C fluxes at an ecosystem scale (Rice
et al., 2004). Rates of fine root productivity and turnover
measured in this study are comparable with forests
growing on similar soils and under similar climate
regimes (Vogt et al., 1996; Gill & Jackson, 2000).
There was more fine root biomass in sandy loam soils
than in clay, although rates of fine root productivity and
turnover did not differ significantly between the two
textural types. Root decay rates differed with soil
texture, with slower rates in the sandy loam. The
combination of similar root production and slower root
decay in the sandy loam relative to clay led to greater
standing stocks of dead roots in sandy loam soils. There
are several factors that could contribute to slower rates
of root decay in sandy loam than in nearby clay soils
including water limitation to decomposer organisms
during part of the year, poor litter quality, and/or low
soil nutrient availability. We found no direct correlation
between water availability and root decay in sandy
loam soils, and a negative relationship with decay in
clay. There was no significant correlation with indices
of root chemical quality and root decay in either sandy
loam or clay. Rates of leaf litter decay are often best
predicted by litter quality (Aerts, 1997), but root decay
may be more sensitive to climate, and soil chemical and
physical properties (Ostertag, 2001; Silver & Miya,
2001). In this study, changes in the mineral N
availability over time and the initial soil NO
3 pool
were positively correlated with fine root decay.

Although it is possible that N limits root decay, it is
also possible that the positive relationships between
root decay and mineral N concentrations could be a
result of increasing substrate availability for N mineralization and nitrification with decay, and decreased
plant uptake of mineral N because of root mortality.
Highly weathered tropical forests are generally considered to be more limited by P than by N (Vitousek &
Sanford, 1986). In these soils, fine roots in sandy loam
had twice the tissue P content (1.6  0.1 kg ha1) as
roots in clay (0.8  0.1 kg ha1), and sandy loam
generally had about two times more extractable soil P
(Silver et al., 2000) suggesting that tissue P or soil P
availability cannot explain the patterns observed.

The effects of root decomposition on trace gas fluxes
Root death and decomposition had a large and
significant impact on trace gas fluxes. High N2O fluxes
occurred from the trench plots over the 1-year period.
Average N2O emissions in the clay trench plots were
double that of the controls and were three times higher
in the sandy loam trench plots relative to controls. We
speculate that this increased N2O was derived both
from nitrification and denitrification. Rates of net
mineralization and nitrification did not vary consistently with N2O fluxes. However, the highest fluxes
were associated with periods of high NO
3 availability.
High nitrate availability favors N2O release as opposed
to complete reduction to N2 under denitrification
(Nõmmik, 1956). Oxygen demand by decaying roots
probably decreased soil redox potential in a significant
proportion of soil microsites in the clay. Periodic
reducing events have been measured in other humid
tropical forest soils (Silver et al., 1999, 2001) and have
been shown to stimulate both NO
3 and C reduction.
Here, we observed net CH4 production in the clay
trench plots, presumably also from anaerobic microsites. In the sandy loam, nitrification was probably the
dominant source of N2O because soils are well drained
and aerated. Under these conditions, weak or shortterm reducing events can stimulate the release of N2O
during nitrification from normally well-aerated soils
(Bollmann & Conrad, 1998).
Our results suggest that root mortality and decomposition are important mechanisms contributing to
increased N2O emissions following disturbance in
tropical forests. Previous research had shown that
short-term root mortality in tropical forest soils can
lead to increases of soil N2O emissions (Matson et al.,
1990; Keller et al., 2000; Varner et al., 2003). The yearlong increase in N2O fluxes that we observed highlight
the crucial roles of roots and rhizosphere organisms in
the regulation of N2O emissions. Root mortality and
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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decay can stimulate N mineralization and nitrification,
while removing root uptake of inorganic N (Silver &
Vogt, 1993). These factors are likely to lead to increased
N availability for nitrifiers and denitrifiers.
Unlike the pattern for N2O, Varner et al. (2003) found
no short-term effect of root mortality on NO, CO2, or
CH4 fluxes. In this study, we found that mean NO
fluxes increased as roots decayed, particularly during
the early rains of the wet season. Wet-up of dry soil
often leads to increased NO emissions (Anderson &
Poth, 1989; Davidson et al., 1991; Davidson, 1992;
Gasche & Papen, 1999), and root death and decay
enhanced this affect. Rates of NO efflux were higher in
the sandy loam, and were higher than average N2O
fluxes in that soil. In the clay, NO fluxes were much
lower than N2O fluxes. Greater diffusivity in the sandy
loam compared with the clay probably increases the
likelihood that biologically active NO can escape from
the soil (Bakwin et al., 1990; Davidson, 1993; Bollmann
& Conrad, 1998). The total amount of N emitted from
the soil as NO over the course of the study was similar
to rates reported for other moist tropical forests
(Davidson & Kingerlee, 1997).
Soil respiration at our sites (1.1 and 1.4 kg C m2 yr1
for clay and sandy loam, respectively) was similar to
the average rate of 1.2 kg C m2 yr1 reported for other
moist tropical forests (Raich & Schlesinger, 1992;
Davidson et al., 2002). The sandy loam had greater soil
respiration rates than the clay, which is probably
indicative of the greater belowground necromass, and
hence substrate for heterotrophs in these well-drained
soils.

The root contribution to soil respiration
Soil respiration decreased by an average of 13% over
the study period in the clay trench plots. This yielded
an approximate rate of C loss via root respiration of 2.6–
3.7 Mg C ha1yr1. Our estimates of the root contribution to soil respiration in clay soil range from 24% to
35%. These values are both low when compared with
other estimates of root respiration in tropical forest soils
and forest soils in general, which average 50–60%
(Hanson et al., 2000). In the Amazon, Chambers et al.
(2004) estimated that root respiration accounted for 45%
of soil respiration for a forest site near Manaus. The
proportion of soil respiration attributed to roots is low
regardless of the assumptions regarding decay efficiency by microbes. Our low estimate assumes 100%
conversion of decayed roots to CO2 and our high
estimate assumes no CO2 loss from root decay, both of
which are unrealistic and extreme. It is important to
note that our estimates of C lost via root respiration are
not particularly low, but that our estimate of the bulk
r 2005 Blackwell Publishing Ltd, Global Change Biology, 11, 290–306
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soil heterotrophic respiration associated with soil
organic matter decay is higher than those reported
elsewhere. The high net primary productivity (Clark
et al., 2001), large microbial biomass (Rillig et al., 2001),
and rapid rates of C turnover in humid tropical forest
soils (Trumbore et al., 1995; Telles et al., 2003) are likely
to support high rates of bulk soil heterotrophic
respiration.
Estimating the root contribution to soil respiration is
not without problems and values are likely to reflect the
method used. Our trench plot approach is more
comprehensive than most trenching experiments in
that we directly accounted for root decay and removed
all germination and sprouts. Regardless, there are
several potential sources of error in our estimates. First,
we measured roots only in the top 10 cm of soil. Roots
in this forest extend much deeper, although the vast
majority of biomass is concentrated within 10 to 20 cm
of the surface (Silver et al., 2000). To partially address
this issue, we accounted for biomass from the 10 to
40 cm depth in our equation, using data from roots
sampled outside of the trench plots. We applied the
decomposition constant from the 0 to 10 cm depth,
which is likely to over estimate the rate of decay and
bias our estimate in favor of root respiration. Decreasing the rate of decay for deeper roots had only a small
impact on the ratio of root to soil respiration,
presumably because of the low root biomass at depth.
When we increased our value for root C respired
during decay by 50%, we increased our maximum
estimate of root respiration by only 15%.
We may also have under- or overestimated soil
respiration. Davidson et al. (2000) reported much
greater rates of soil respiration (2.0 kg C m2 yr1) for
an Amazonian forest receiving less rainfall
(1800 mm yr1) than our site, while Chambers et al.
(2004) reported 1.2 kg C m2 yr1 for a wetter forest
(2965 mm yr1). Increasing our estimate for soil CO2
efflux increased our high estimate of root respiration by
17% but decreased the ratio of root to soil respiration by
6%. Decreasing our estimated values for soil respiration
had a larger effect, particularly when considered in
conjunction with increased root C loss. With this
scenario, the ratio of root to soil respiration was 0.46,
similar to the rate reported for other tropical forests. It
is important to note that the assumption used in this
estimate (no CO2 loss from decaying roots) is unrealistic, and that the real root respiration rate, even if we
underestimated root C loss and overestimated soil
respiration, is likely to be lower.
We were unable to estimate root respiration in sandy
loam soils using the trench plot approach because total
soil respiration in the trench plots was indistinguishable from the controls over the 13-month study. The
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trenching approach assumes that root mortality will
decrease soil respiration rates after root decay is
accounted for, and that the resulting soil CO2 efflux is
fueled exclusively by heterotrophic respiration of soil
organic matter and older necromass. We expect that a
combination of factors is responsible for our inability to
detect root respiration in the sandy loam using trench
plots. First, high initial root biomass coupled with slow
root decay rates relative to clay soils led to more
gradual loss of the roots deposited via trenching.
Second, trenching could have altered soil conditions
such as moisture or nutrient availability and stimulated
decay of recalcitrant soil and root C, raising soil CO2
effluxes and offsetting the loss of live root respiration.
These issues could also have affected trench plot root
respiration estimates in the clay soils, although the
associated errors are proportional to the pools and
fluxes and are thus likely to be much smaller in the clay
soils. Finally, root processes were generally more
variable in space and time in the sandy loam soils
contributing to the lack of significant deviation from
controls.
The mass balance approach is an indirect method of
estimating root respiration. The strengths of this
approach are that some of the parameters used
(aboveground litter inputs, soil CO2 fluxes) are generally easier to measure. The most significant problem
with this method is the steady-state assumption, which
may or may not be met over the time scale of 1 year in
an evergreen tropical forest (Saleska et al., 2003), and
is difficult to assess. Regardless, the ratio of root to
soil respiration using the mass balance approach was
very similar to the trench plot values for clay soils,
falling between the high and low estimates reported.
Rates of root respiration averaged approximately
5  2 Mg C ha1 yr1 in the sandy loams using the mass
balance approach, with a ratio of root to soil respiration
of 0.35  0.1. These rates are lower than literature
values, but can be explained by the high dead root
biomass and soil C pools in the sandy loam soils. The
ratio of root to soil respiration using the mass balance
approach reported here are lower than those from other
Amazonian forests (Trumbore et al., 2005), due in part
to the high litterfall rates measured here. Fine litterfall
productivity for this study (leaves, flowers, fruits, and
twigs o1 cm diameter: 6.9–7.3 Mg C ha1 yr1) was
greater than litterfall rates in some other tropical forests
(Clark et al., 2001), including those reported for another
site within the TNF (2.9–4.8 Mg C ha1 yr1 in Nepstad
et al., 2002) and for a Amazonian forest near Manaus
(4.0 Mg C ha1 yr1 in Chambers et al., 2004). However,
another study in the Tapajos Forest measured
6 Mg C ha1 yr1 in fine litterfall (including twigs up
to 2 cm diameter; Rice et al., 2004). Hence, aboveground

litterfall appears to vary both spatially and temporally
within this region. For our mass balance approach we
include the input of fine root litter, not just aboveground litterfall. Most other mass balance estimates of
root respiration do not consider root litter, and thus
may overestimate the root contribution to soil respiration.

Conclusions
Our results show that fine root production, turnover,
and decomposition constitute large fluxes of C and N in
lowland Amazonian forest ecosystems, are sensitive to
soil texture, and vary at seasonal and annual time
scales. Live root respiration contributed to the large
fluxes of C from surface soils. Although root respiration
rates are not low compared with other sites (Hanson
et al., 2000), they accounted for only 24–35% of the total
soil respiration flux in the clay and sandy loam soils.
These low values illustrate the importance of nonrhizosphere heterotrophic respiration in tropical forests soils
that are characterized by high rates of C throughput.
Our results also demonstrate the importance of root
death and decay as important processes regulating the
soil–atmosphere exchange of trace gases, in particular
N2O and NO. The role of roots in C and N cycling are
significant not only for our understanding of the
contribution of fine root dynamics to ecosystem
biogeochemical cycling, but also for helping us predict
the effects of deforestation and land use change in the
tropics.
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